The continuous cropping of cucumber in the same potting soils may result in a reduction of yield and quality of the crop, a phenomenon described as soil sickness. The changes of soil microbial communities as affected by continuous cropping and the link between these changes and soil sickness of cucumber are still not clear. In the present study, cucumber was cropped in pots under greenhouse conditions for nine successive cropping cycles. Structures and sizes of rhizosphere fungal and Fusarium (Ascomycota, Fungi) communities, both ubiquitous and ecologically important in soils, were analysed with PCR-denaturing gradient gel electrophoresis and quantitative reverse transcription PCR, respectively. Cucumber showed retarded growth in the seventh cropping cycle. The RNA-and DNA-based fungal community structures derived from the same sample differed from each other, and the active soil fungal communities were more sensitive to continuous cropping. The RNA-based fungal and Fusarium community sizes were larger in the seventh cropping cycle than in the other cropping cycles. Overall, the findings of this study indicate that the population sizes rather than the diversity of fungi and Fusarium communities are linked to the soil sickness associated with cucumber cultivation.
Introduction
Agricultural management practices, such as cropping system, tillage, irrigation and fertilization, are known to influence the soil environment and, consequently, influence the size, composition and function of soil microbial communities (Garbeva et al., 2004; Acosta-Martínez et al., 2010; Li et al., 2010) . The continuous cropping system, in which the same crop is repeatedly cropped in the same field, is commonly adopted in the production of cucumber (Cucumis sativus L.) under greenhouse conditions. However, continuous cropping is not sustainable in the long term, because it may eventually result in a reduction of yield and quality of the crop, a phenomenon which has been described as 'soil sickness' (Yu et al., 2000) . Various factors have been considered to contribute to soil sickness, including build-up of soil-borne pathogens, deterioration of soil physicochemical properties, an imbalance of nutrient availability and accumulation of autotoxic substances (Yu et al., 2000; Huang et al., 2006) . Recently, changes of soil biological properties have also been proposed to contribute to this phenomenon (Nayyar et al., 2009; Li et al., 2010) . Therefore, understanding how continuous cropping influences soil microbial communities in the greenhouse may be helpful for the development of practices to relieve soil sickness associated with cucumber cultivation.
Soil microbial diversity is thought to be critical to the maintenance of soil health (Acosta-Martínez et al., 2004; Garbeva et al., 2004) . Recently, soil microbial communities in continuous cropping systems were analysed with cultivation-independent methods (Benizri et al., 2005; Li et al., 2010) . However, only total soil DNA was used in these studies. DNA-based microbial structure may not always accurately reflect environmental microbial changes, because most soil microorganisms are thought to be inactive and DNA can persist in dead cells and as extracellular DNA in soil (Hoshino & Matsumoto, 2007) . Instead, RNA is synthesized preferentially by actively growing cells and degrades rapidly once cells become inactive. It can thus display the active members of the soil microbial community (Hirsch et al., 2010) .
Soil fungi are key regulators of carbon flow, plant population dynamics and the physical environment of soils in terrestrial ecosystems (Wu et al., 2008) . Despite this, our understanding of soil fungal communities still remains poor relative to that of soil bacterial communities (Anderson & Cairney, 2004) . In soil, the genus Fusarium comprises many species of environmental, agricultural and human health importance, but its notoriety mainly results from pathogenicity towards a wide range of plants (Wakelin et al., 2008) . For example, cucumber Fusarium wilt, caused by the soil-borne necrotrophic fungus Fusarium oxysporum f.sp. cucumerinum Owen, is a serious vascular disease worldwide (Yu et al., 2000) . Soil Fusarium communities in asparagus (Yergeau et al., 2005) and maize (Wakelin et al., 2008) fields were analysed with PCRdenaturing gradient gel electrophoresis (DGGE), targeting the transcription elongation factor-1a (Ef1a) gene. However, the dynamics of soil Fusarium communities in continuous cropping systems has not been studied, and the relationship between the dynamics of soil fungal and Fusarium communities and soil sickness has yet to be addressed.
Root-derived compounds play an important role in determining the structure of microbial communities (Broeckling et al., 2008) , and plants are able to exert species-specific effects on soil microorganisms (Garbeva et al., 2004) . In this study, it was hypothesized that root residues and other plant leftovers would accumulate in the soil under continuously cropped conditions. Thus, it could be presumed that changes in soil microbial communities after repeated growth of the same crop in the same potting soil may contribute to soil sickness.
The objective of this study was to elucidate the responses of rhizosphere fungal and Fusarium communities to repetitive cultivation of cucumber and evaluate whether the dynamics of fungal and Fusarium community populations and their diversity can be linked to soil sickness associated with cucumber cultivation. Community structures of the total and active rhizosphere fungal communities were obtained using DNA-and RNA-based PCR-DGGE analysis of internal transcribed spacer (ITS) regions, respectively. For the Fusarium community, because the chlamydospores of Fusarium can survive in the soil for years (Snyder & Hansen, 1940) , only the RNA-based community structure was determined by targeting Ef1a gene transcripts. Quantitative reverse transcription PCR (qRT-PCR) was used to measure the abundances of the fungal ITS gene and Fusarium Ef1a gene transcripts. The relative influence of growth stage and number of cropping cycles on rhizosphere fungal and Fusarium community structures was also compared.
Materials and methods

Greenhouse experiment
The greenhouse experiment was conducted in plastic pots (30 cm diameter, 25 cm height) in a greenhouse located in the experimental station of Northeast Agricultural University, Harbin, China (45°41′N, 126°37′E) from April 2005 to July 2009. Two cropping cycles of cucumber (April-July, July-October) were conducted each year. Germinated cucumber (cv. 'Jinlv 3') seeds were sown into pots on 25 April or 25 July in each cucumber cropping cycle. There was one cucumber plant per pot. New soil from the upper soil layer (0-15 cm) of the same open field, which was covered with grass and undisturbed for more than 15 years, was taken to fill in new pots on 25 April of each year. Each pot contained 8 kg of soil. Soils from the previous cropping cycles remained in the pots (no new soil was added), and cucumber was sown again in these pots on 25 April and 25 July in each year. Finally, cucumbers of the first, third, fifth, seventh and ninth cropping cycles were obtained in April 2009. There were 60 pots per cropping cycle. All pots were randomly placed in the greenhouse. Cucumber roots of the previous cropping cycles were not removed, which is the common practice in production. Fertilization was performed according to local recommendations with decomposed swine manure (15% organic matter, 0.5% N, 0.5% P, 0.4% K) used as basal fertilizer at 0.75 kg per pot. Urea fertilizer (46% N content) was used as topdressing at 25 g per pot on day 31 after sowing of cucumber. Weeds were manually removed. 
Plant fresh biomass
Cucumber plants were harvested 30, 40 and 50 days after sowing of cucumber in 2009 to measure plant fresh weight. Plants were separated into roots, leaves and stems. Roots were removed from the pots and washed over a sieve (2 mm) with tap water to remove adhering soil. Fresh weights of leaves, stems and roots were measured.
Soil sampling and nucleic acid extraction
Rhizosphere soil samples were collected 30, 40 and 50 days after sowing of cucumber as described before : only the soil adhering to the roots was considered as rhizosphere soil, and the rhizosphere soil was collected by shaking off from the roots in air. After sieving (2 mm), the fresh soil samples were immediately transferred to the laboratory and stored at À80°C. Total soil DNA and RNA were extracted with the E.Z. N.A. Soil DNA Kit (Omega Bio-Tek, Inc., GA) and the RNA PowerSoil Total RNA Isolation Kit (MO BIO Laboratories, Inc., Carlsbad, CA), respectively, according to the manufacturers' instructions. Contaminating DNA was removed from RNA extracts using RNase-free DNase (TaKaRa, Dalian, China). The amount and purity of DNA and RNA were estimated spectrophotometrically by measuring the optical density at 260 and 280 nm. DNA was stored at À20°C and RNA at À80°C.
RT reaction
The RT reaction was carried out with RNA extracts using the PrimeScript 1st Strand cDNA Synthesis Kit (TaKaRa) with random hexamer primers. The synthesized firststrand cDNA was stored at À20°C.
PCR amplifications and DGGE analysis
Nested PCR protocols were used to amplify the fungal partial ITS regions and Fusarium Ef1a gene transcripts. For fungal ITS regions, extracted DNA and first-strand cDNAs were amplified with primer sets ITS1F/ITS4 (White et al., 1990; Gardes & Bruns, 1993) and GC-ITS1F/ITS2 (Gardes & Bruns, 1993) in the first and second round of PCR amplifications, respectively. For Fusarium Ef1a gene transcripts, first-strand cDNAs were amplified with primer sets EF-1/EF-2 (O'Donnell et al., 1998) and Alfie1-GC/Alfie2 (Yergeau et al., 2005) in the first and second round of PCR amplifications, respectively. Fifty nanograms of soil DNA or 3 lL of the first-strand cDNAs was used as template in the first-round PCR, 3 lL of 10-fold diluted first-round PCR products was used as template in the second-round PCR. The PCR protocol was: 94°C for 7 min; followed by 32 cycles of 94°C for 60 s for ITS regions (35 cycles for Ef1a genes), 56°C for 60 s for ITS1F/ITS4 (57°C for GC-ITS1F/ITS2, 53°C for EF-1/EF-2, 67°C for Alfie1-GC/Alfie2) and 72°C for 60 s; and a final extension at 72°C for 15 min. PCR of extracted RNA without the RT step was carried out as a control for DNA contamination. PCR products were electrophoresed on a 1.2% agarose gel and visualized by ethidium bromide staining.
DGGE analysis of fungal partial ITS regions was performed on an 8% (w/v) acrylamide gel with 20-60% denaturant gradient, and Ef1a gene transcripts on a 6% (w/v) acrylamide gel with 40-60% denaturant gradient. The gel was run in a 19 TAE (Tris-acetate-EDTA) buffer for 14 h under conditions of 60°C and 80 V with a DCode universal mutation detection system (Bio-Rad Lab, LA). After electrophoresis, the gel was stained in 1 : 3300 (v/v) GelRed (Biotium) nucleic acid staining solution for 20 min. DGGE profiles were photographed with an AlphaImager HP imaging system (Alpha Innotech Crop., CA) under UV light.
qRT-PCR analysis
qRT-PCR assays, targeting the fungal ITS gene and Fusarium Ef1a gene transcripts, were used to estimate active fungal and Fusarium community sizes using the IQ5 real-time PCR system (Bio-Rad Lab). The primer pair ITS1F/ITS4 (White et al., 1990; Gardes & Bruns, 1993) was used to quantify the fungal communities with the first-strand cDNAs transcribed from total soil RNA as template. For Fusarium communities, 3 lL of 10-fold diluted first-round PCR products was amplified with primer pair Alfie1/Alfie2 (Yergeau et al., 2005) . Care was made to ensure that first-round PCR products were all in exponential amplification phase of the PCR (Wakelin et al., 2008) . The PCR protocol was: 94°C for 5 min; followed by 30 cycles of 94°C for 45 s, 57.5°C for 45 s for fungal ITS region (or 67°C for 45 s for Fusarium Ef1a gene transcripts) and 72°C for 90 s; with a final elongation at 72°C for 10 min. Standard curves were created with 10-fold dilution series of plasmids containing the ITS region from soil samples. The relative active Fusarium community size was calculated as described by Wakelin et al. (2008) . Sterile water was used as a negative control to replace template. All amplifications were performed in triplicate. The specificity of the products was confirmed by melting curve analysis and agarose gel electrophoresis.
Statistical analyses
Data were analysed following analysis of variance (SAS Institute, 2003) and mean comparisons between treatments were performed based on the Tukey's honestly significant difference (HSD) test. Band patterns of the DGGE profiles and principal component analysis (PCA) were analysed using QUANTITY ONE software (version 4.5) and Canoco for WINDOWS 4.5 software as described previously , respectively. Richness (S), evenness (E) and diversity (H) indices were calculated as described previously (Liu et al., 2007) .
Results
Plant fresh biomass
Generally, cucumber plant fresh weight was not affected during the first five cropping cycles on individual sampling days, but declined significantly in the seventh cropping cycle (P < 0.05), and then increased again in the ninth cropping cycle (P < 0.05) (Fig. 1) Soil microbial communities in a continuous cropping system weight of cucumber plants in the seventh cropping cycle was only half of that during the other cropping cycles on individual sampling days.
Fungal community structure PCR and RT-PCR products of ITS regions were subjected to DGGE to reveal the total and active fungal community structures. First, both PCR and RT-PCR products derived from soils of the same sampling day were loaded on the same gel to estimate the effects of the continuous cropping on soil fungal communities and the differences between DNA-and RNA-derived band patterns. DGGE analysis of the ITS products revealed a complex band pattern for each sample at the DNA and RNA levels. Analysis of duplicate samples by DGGE revealed that the band patterns obtained were highly reproducible (Fig. 2) . On day 30 after sowing of cucumber, the DGGE profiles of all cropping cycles were generally similar at the DNA and RNA levels. Almost all predominant bands were present in all cropping cycles (Fig. 2) . The observed differences of band patterns were a few bands or band intensity. However, differences between the DNA-and RNA-derived profiles of the same sample were observed. Additional bands, especially in the lower part of the gel, were detected in the DNA-derived profiles ( Fig. 2 ; Supporting Information, Table S1 ). DNA-derived profiles contained 28-38 distinct bands per sample, while RNAderived profiles contained 26-33 distinct bands per sample. The diversity indices of the fungal communities on the same sampling day did not show a particular trend related to the number of cropping cycles (Table S1 ). PCAs resulted in a clear separation of DNA and RNA samples along the first coordinate axis, with further separation based on the number of cropping cycles along the second coordinate axis (Fig. 2b, Fig. S1 ). Levels of similarity in the DNA clusters were higher than that in the RNA cluster.
Second, PCR (or RT-PCR) products from all cropping cycles on all sampling days were loaded on one gel to compare the influence of growth stage and continuous cropping on rhizosphere fungal communities (Figs 3a  and 4a ). PCAs separated all samples into three groups based on sampling date, but not on the number of cropping cycles (Figs 3b and 4b ). Therefore, a clear growth stage-succession of fungal communities was observed at both the DNA and the RNA levels.
Fungal community size
qRT-PCR assays showed that average numbers of ITS RNA gene transcripts ranged from 1.59 9 10 8 to 6.31 9 10 8 copies g À1 soil dry weight (Fig. 5a ). On all sampling days, ITS RNA gene transcripts increased from the first to the seventh cropping cycle, and then decreased in the ninth cropping cycle. The number of ITS RNA gene transcripts of the seventh cropping cycle was significantly larger than that of the first and third cropping cycles (P < 0.05). Generally, compared with the first cropping cycle, continuous cropping increased the number of ITS RNA gene transcripts, the only exception being the sample of the ninth cropping cycle collected 30 days after sowing of cucumber.
Fusarium community structure
RT-PCR-DGGE, targeting the Fusarium Ef1a gene transcripts, was used to analyse rhizosphere Fusarium community structures at the RNA level. Visual inspection of the profiles revealed a high consistency of the band patterns between triplicate samples per treatment (Fig. 6a ).
In total, 22 bands with different mobility were detected, with each sample containing about 12-18 visible bands with various intensities (Table S2 ). Fusarium community structures were different among cropping cycles with respect to the number and position of bands. Many bands were commonly detected in all croppings, and a few bands specific to certain cropping cycles were also detected (Fig. 6a) . Generally, the number of visible bands in the first and ninth cropping cycles was less than in the Soil microbial communities in a continuous cropping system other cropping cycles, but Shannon indices and evenness indices did not show a particular trend related to the number of cropping cycles (Table S2) . PCAs showed that continuous cropping caused a shift in Fusarium community structures (Fig. 6b, Fig. S2 ). For example, samples from different cropping cycles could be distinguished from each other on day 40 after sowing of cucumber (Fig. 6b) .
Rhizosphere Fusarium community structures of the same cropping cycle were different among all sampling days (Fig. 7a) . PCA showed that all samples were separated into three groups based on sampling date, but not the number of cropping cycles (Fig. 7b) .
Fusarium community size
The active Fusarium community size was expressed as the relative abundance of Fusarium Ef1a gene transcripts. On all sampling days, the relative abundance of Fusarium Ef1a gene transcripts was lower in the third cropping cycle than in the first cropping cycle, and was significantly greater in the seventh cropping cycle than in other cropping cycles (P < 0.05) (Fig. 5b) .
Discussion
The diversity of the soil fungi community, including Fusarium, can be affected by root-released compounds (Garbeva et al., 2004) . Continuous cropping in the same soil may therefore accumulate effects which could potentially affect the diversity (abundance, species richness) of fungi and Fusarium communities. This study showed that the continuous cropping of cucumber caused a shift in rhizosphere fungal ITS-DGGE profiles at the DNA and, in particular, at the RNA level. Most bands were commonly detected for all samples, irrespective of cropping cycle number, indicating that there were common fungal types in different cucumber cropping cycles (Fig. 2) . However, the intensities of some bands also varied with cropping cycles. PCA analyses separated samples of different cropping cycles from each other, indicating that soil fungal community structures were different among cropping cycles (Fig. 2b, Fig. S1 ). However, no general trend of diversity indices as affected by cropping cycle numbers was observed (Table S1 ). Our results were consistent with the findings of Li et al. (2010) , who also found no significant differences in the diversity indices of the total fungal communities among different soybean cropping cycles, even though the fungal community structures were different among cycles.
qRT-PCR analysis showed that the continuous cropping of cucumber influenced the size of the rhizosphere active fungal community. Generally, the size of the active fungal community increased after repeated growth of cucumber. It was reported that cropping systems could influence soil microbial properties (Acosta-Martínez et al., 2010). However, mixed results have been found in how continuous cropping influences soil fungal population sizes, as compared with alternative systems. For example, phospholipid fatty acid (PLFA) analysis showed that the abundance of PLFA biomarkers of saprophytic fungi were higher in a pea-wheat rotation than in continuous cropping pea (Nayyar et al., 2009) . It was also reported that fatty acid methyl ester (FAME) indicators of fungi were lower in continuous cropping cotton than in other alternative systems (Acosta-Martínez et al., 2010). However, the same authors also reported that FAME indicators of fungi were generally higher in continuous cropping peanut (Acosta-Martínez et al., 2004) . These inconsistencies might be attributed to the differences of the crops investigated. It is well established that rhizodeposits could affect the diversity and activity of rhizosphere microorganisms (Broeckling et al., 2008; Berg & Smalla, 2009) , and different plant species differ in amount and composition of rhizodeposits, and support different soil microbial communities (Grayston et al., 2004) . Distinct differences between the DNA-and RNAderived fungal communities were observed in this study, although most prominent bands were common. RNAderived bands were mostly a subset of the bands in the DNA-derived profile. More bands were detected in the DNA-derived profiles than in the RNA-derived profiles, indicating that several groups present in the rhizosphere were not actively metabolizing, although differences due to inefficiency of reverse transcription cannot be ruled out (Duineveld et al., 2001) . The differences between the DNA and RNA levels were also evidenced by the PCAs, which showed a clear separation of DNA and RNA samples along the first coordinate axis (Fig. 2b, Fig. S1 ). PCA also separated different cropping cycles along the second coordinate axis at both the DNA and the RNA levels, but shifts were more pronounced at the RNA level than at the DNA level, confirming that the active fungal communities were more sensitive to the influence of continuous cropping. These results also suggest that the RNA-based analysis was more suitable in detecting fungal community changes in this cucumber cropping system.
The abundance and diversity of soil Fusarium were highly responsive to agricultural management practices (Wakelin et al., 2008) . Our results showed that the community structure and size of active soil Fusarium were influenced by the continuous cropping of cucumber. DGGE patterns based on the Ef1a gene transcripts were different among cropping cycles (Fig. 6) . qRT-PCR analysis also showed that the relative abundance of Fusarium Ef1a gene transcripts decreased in the third cropping cycle, and increased in the seventh cropping cycle (Fig. 5b) . Fusarium fungi are a functionally important biological component of agricultural soil ecosystems, and both pathogenic and nonpathogenic species exist in soil (Nelson et al., 1981) . However, only the whole Fusarium community was targeted in our work, and therefore further studies of specific Fusarium species, especially pathogenic species, in continuous cropping systems are worthwhile.
Cucumber growth was negatively affected in the seventh cropping cycle (Fig. 1 ) and this was accompanied by an increased size of rhizosphere fungal and Fusarium communities (Fig. 5) , suggesting that the increases of fungal and Fusarium community sizes might play a negative role on cucumber growth. Moreover, fungal and Fusarium community structures in the seventh growth cycle were not always significantly different from the other cropping cycles, indicating that changes of fungal and Fusarium community sizes may be more important than changes of fungal and Fusarium community structures as a contributing factor of the poor results seen in the seventh cropping cycle of cucumber.
Cucumber root exudates and plant debris have been shown to have autotoxicity potential. Autotoxins, including some derivatives of benzoic and cinnamic acids, have been identified from the root exudates of cucumber (Yu et al., 2000) . Our previous study demonstrated that amendments of cinnamic acid could change soil microbial characteristics (Wu et al., 2009) . Cucumber root residues and other plant leftovers would accumulate in the soil under continuously cropped conditions. Therefore, the changes of diversity of fungal and Fusarium communities in the continuous cropping system might due to the accumulation of autotoxins, which needs to be further elucidated.
In conclusion, this study demonstrates that the continuous cropping of cucumber affects rhizosphere fungal communities, including that of Fusarium, in both abundance and structure diversity. The relatively large sizes of active fungal and Fusarium communities in the seventh cropping cycle suggest a causal link to the poor cucumber growth performance in that cropping cycle, indicating that changes of the sizes of active rhizosphere fungal and Fusarium communities may contribute to the soil sickness associated with cucumber cultivation. 
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